INTRODUCTION
One of the major expenses in cattle production is feed cost. Therefore, a major goal in the cattle industry is to improve feed efficiency. Residual feed intake (RFI) is the difference between ADFI and predicted ADFI (calculated by the regression of ADFI on ADG and midtest BW 0.75 [MBw] ). Residual feed intake is not related to ADG or weight measurements (Koch et al., 1963; Arthur et al., 2001) . The major limitation in the use of RFI as a parameter to improve efficiency of beef cattle operations is that individual ADFI measurement is required. A cost-effective, more robust method is required to predict RFI if it is to be used as a parameter to improve feed efficiency of beef cattle operations. ABSTRACT: Rate of oxygen uptake by muscle mitochondria and respiratory chain protein concentrations differed between high-and low-residual feed intake (RFI) animals. The hypothesis of this research was that complex I (CI), II (CII), and III (CIII) mitochondria protein concentrations in lymphocyte (blood) mitochondria were related to the RFI phenotype of beef steers. Daily feed intake (ADFI) was individually recorded for 92 Hereford-crossbreed steers over 63 d using GrowSafe individual feed intake system. Predicted ADFI was calculated as the regression of ADFI on ADG and midtest BW 0.75 . Difference between ADFI and predicted ADFI was RFI. Lymphocytes were isolated from low-RFI (-1.32 ± 0.11 kg/d; n = 10) and high-RFI (1.34 ± 0.18 kg/d; n = 8) steers. Immunocapture of CI, CII, and CIII proteins from the lymphocyte was done using MitoProfile CI, CII, and CIII immunocapture kits (MitoSciences Inc., Eugene, OR). Protein concentrations of CI, CII, and CIII and total protein were quantified using bicinchoninic acid colorimetric procedures. Low-RFI steers consumed 30% less (P = 0.0004) feed and had a 40% improvement (P < 0.0001) in feed efficiency compared with high-RFI steers with similar growth (P = 0.78) and weight measurements (P > 0.65). High-and low-RFI steers did not differ in CI (P = 0.22), CII (P = 0.69), and CIII (P = 0.59) protein concentrations. The protein concentration ratios for CI to CII (P = 0.03) were 20% higher and the ratios of CI to CIII (P = 0.01) were 30% higher, but the ratios of CII to CIII (P = 0.89) did not differ when comparing low-RFI steers with high-RFI steers. The similar magnitude difference in feed intake, feed efficiency measurements, and CI-to-CIII ratio between RFI phenotypes provides a plausible explanation for differences between the phenotypes. We also concluded that mitochondria isolated from lymphocytes could be used to study respiratory chain differences among differing RFI phenotypes. Further research is needed to determine if lymphocyte mitochondrial complex proteins can be used for identification of RFI phenotype.
Relationship between residual feed intake and lymphocyte mitochondrial complex protein concentration and ratio in crossbred steers
Cellular energy is produced predominately by the mitochondria. Mitochondrial protein complex subunits were differentially expressed in the liver , breast (Iqbal et al., 2004) , and duodenum (OjanoDirain et al., 2005) between efficient and inefficient birds. Muscle expression of subunits in complexes I, III, and IV were greater in efficient steers compared with inefficient steers (Sandelin et al., 2005) . Lymphocyte expression of mitochondria complex subunits differed between efficient and inefficient broilers (Lassiter et al., 2006) . Research findings to date support the hypothesis that feed efficiency is influenced by mitochondrial protein content and complex protein concentrations of the respiratory chain in broilers and steers.
Mitochondria complex protein concentrations in blood lymphocyte may be a cost-effective way to predict RFI in steers. Therefore, our research objective was to determine if mitochondria complex protein content and ratios were different between low-and high-RFI steers.
MATERIALS AND METHODS

Animal Management
The use of animals in this experiment was approved by the University of Missouri Animal Care and Use Committee. Ten low-RFI and 8 high-RFI spring-born steers were selected from a pool of 92 Hereford crossbred steers to contrast the relationship between mitochondria complex protein concentration, ratio, and RFI. Initially, 10 steers were selected to sample for the low-RFI and high-RFI groups, but samples from 2 steers were destroyed in lab preparation for the high-RFI group.
Upon receiving the animals, electronic identification tags (Allflex USA, Inc., Dallas Ft. Worth Airport, TX) were attached to the left ear to aid in tracking individual feed intake with the GrowSafe feed intake system (GrowSafe Systems Ltd., Airdrie, AB, Canada). Steers were placed on a receiving diet for 14 d before the feeding period to allow for acclimation to the highconcentrate diet and feed intake system. Water and receiving diet were provided for ad libitum access during this period. Body weight was measured at the end of the receiving period to determine initial BW, and steers were assigned to 1 of 20 pens such that initial BW was similar. Each pen contained approximately 5 steers and 1 feed bunk that was restricted so that only a single animal could feed at any given time. Two-day consecutive BW were taken at the end of the 63-d feeding period to determine final BW. Steers had ad libitum access to the experimental diet (Table 1 ) and water. All feed ingredients except corn, blood meal, dried distillers' grains, and feather meal were mixed, pelleted, and blended into the diet as a supplement. The pelleted supplement, corn, blood meal, dried distillers' grains, and feather meal were mixed as a total mixed ration and added to bunks once daily at approximately 0800 h.
Production Trait Collection and Calculation
Individual ADFI over the 63-d feeding period for each animal was measured with the GrowSafe automated feed intake system. Consecutive 2-d BW were measured at initiation (initial BW) and at 63 d (final BW) and were used to calculate MBW ([(initial BW + final BW)/2] 0.75 ) and ADG ([final BW -initial BW]/63) for the feeding period. The G:F was computed as the ratio of ADG to ADFI. Predicted ADFI was calculated from the regression of ADFI on ADG and MBW using the GLM procedures (SAS Inst. Inc., Cary, NC). The model fitted was
in which Y i = predicted ADFI of animal i, β 0 = the regression intercept, β 1 = partial regression coefficient of ADFI on ADG, and β 2 = partial regression coefficient of ADFI on MBW. The R 2 of this model is 0.66. Residual feed 
Lymphocyte Isolation and Preparation of Homogenate
Lymphocytes were isolated from blood according to procedures of Kolath (2006) , with modifications. Blood (15-18 mL total) was collected via jugular venipuncture into 3 acid citrate dextrose vacutainer tubes (Becton, Dickinson and Company, Franklin Lake, NJ) and stored at room temperature until lymphocyte isolation. Five to 6 mL of blood was removed from each of the 3 acid citrate dextrose vacutainer tubes and placed into 4 ACCUSPIN tubes (3 to 5 mL blood/tube), each containing 3 mL of Histopaque-1077-1 (Sigma-Aldrich Co., St. Louis, MO). Tubes were centrifuged at 1,000 × g for 40 min at 18° to 25°C. Lymphocyte layers were removed and composited by steer to a 15-mL centrifuge tube (Corning Inc., Corning, NY), and the volume was brought to 15 mL with PBS (0.137 M NaCl, 0.0027 M KCl, 0.0022 M KH 2 PO 4 , and 0.0097 M Na 2 HP O 4, pH 7.4). The tube was centrifuged at 300 × g for 15 min at room temperature to pellet cells, the supernatant was removed, and cells were washed with 10 mL of PBS. The tube was centrifuged at 300 × g for 10 min at room temperature and the supernatant was removed. Cells were suspended in 1 mL of lymphocyte incubation buffer (150 mM KCl, 25 mM Tris, 2 mM EDTA, and 10 mM KH2PO4, pH 7.4, and 200 μg/mL digitonin) and placed at room temperature for 5 min. To disrupt cellular and mitochondrial membranes, the lymphocyte homogenate was frozen with liquid nitrogen and thawed 5 times (Lassiter et al., 2006) . Lymphocyte homogenate was centrifuged at 12,000 × g for 15 min at 4°C and the supernatant was removed. The lymphocyte homogenate pellet was suspended in 1 mL medium II (230 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl, and 5 mM KH2PO4, pH 7.4). This final lymphocyte homogenate was held at -80°C until further immunocapture and analysis of mitochondrial protein complexes. Total protein concentrations of each steer sample composite were determined using bicinchoninic acid colorimetric procedures (Pierce Biotechnology, Inc., Rockford, IL) before immunocapture and analysis for mitochondrial protein complexes.
Immunocapture and Measurement of Mitochondrial Protein Complexes
Immunocapture of mitochondrial protein complexes was done using a MitoProfile immunocapture kit (MitoSciences Inc., Eugene, OR). One hundred eighty microliters of lymphocyte homogenate was incubated with 20 μL of lauryl maltoside stock (200 mM n-dodecyl-β-dmaltopyranoside, catalog number MS910; MitoSciences Inc.) and 2 μL of protease inhibitor cocktail (catalog number P8340; Sigma-Aldrich) on ice for 30 min. The lymphocyte homogenate was centrifuged at 16,000 × g for 20 min at 4°C and the pellet containing cellular debris was discarded. Ten microliters of antibody-containing beads (MitoSciences Inc.) was added to the supernatant to bind mitochondrial complex protein. Bovine-specific antibodies were irreversibly crosslinked to protein G agarose beads and used to bind and separate CI protein (bind subunits of NADH dehydrogenase), CII protein (bind subunits of succinate dehydrogenase), and CIII protein (bind subunits of Cytochrome bc1 complex). The bead supernatant combination was incubated for 3 h on a Nutator mixer (TSC Scientific Corp., New Hope, PA) at room temperature and held at 4°C overnight. Beads were collected by centrifugation at 1,000 × g for 1 min at room temperature and the supernatant was removed. Beads were incubated 2 times for 5 min in bead wash buffer (1 mM n-dodecyl-β-d-maltopyranoside, 0.137 M NaCl, 0.0027 M KCl, 0.0022 M KH 2 PO 4 , and 0.0097 M Na 2 HPO 4 , pH 7.4) at room temperature and then incubated on the Nutator mixer in 50 μL of 1% SDS (catalog number L4509; Sigma-Aldrich) solution at room temperature for 20 min to solubilize the captured complex protein. Beads were collected by centrifugation at 1,000 × g for 1 min at room temperature. Protein concentrations of the supernatant of each sample were determined using bicinchoninic acid colorimetric procedures (Pierce Biotechnology, Inc.) to quantify mitochondria complex protein concentrations. Mitochondria complex protein concentration values are expressed in Table 2 as micrograms of mitochondria complex protein per milligram of total protein.
Statistical Analysis
The differences in ADFI, feed efficiency, BW, ADG, CI, CII, CIII, and mitochondria complex protein concentration ratios between low-and high-RFI steers were determined using GLM procedures (SAS Inst. Inc.). Steer was the experimental unit. Means of significant F-tests were separated using the LSMEANS statement and assumed different at P < 0.05.
RESULTS AND DISCUSSION
Production Traits
Production traits of low-and high-RFI steers are presented in Table 3 . Low-RFI steers had a lower ADFI (P = 0.0004) and a greater G:F (P < 0.0001) than high-RFI steers. Low-RFI steers did not differ in initial BW (P = 0.65), ADG (P = 0.78), MBW (P = 0.70), and final BW (P = 0.79) from high-RFI steers. Low-RFI steers, on average, had a 30% difference in ADFI and 40% difference in feed efficiency measurements compared with high-RFI steers with similar BW and growth measurements. Previous research has reported a 20 to 50% difference in feed intake and feed efficiency measurements between low-and high-RFI steers with no change in growth and weight measurements Nkrumah et al., 2007; Golden et al., 2008) . The present study showed a similar spread in ADFI and feed efficiency measurements compared with previous research with no difference in growth and weight measurements.
Mitochondria Complex Protein Ratios
The mitochondria complex protein concentrations and ratios of low-and high-RFI steers are presented in Table 2 . Low-and high-RFI steers did not differ in CI (P = 0.22), CII (P = 0.69), and CIII (P = 0.59) protein concentrations. Low-G:F broilers exhibited greater expression of core I (CIII) and Cytochrome C1 (CIII) in breast muscle mitochondria (Iqbal et al., 2004) . Lower amounts of mitochondria protein subunit core I (CIII) and Cytochrome C 1 (CIII) and higher amounts of mitochondria protein 30S (CII) in low-G:F versus high-G:F broilers were reported by Lassiter et al. (2006) . Expression of NAD4 (CI) and core I (CIII) in LM mitochondria was greater in high-G:F Angus steers compared with low-G:F Angus steers, whereas steer groups had similar CII mitochondrial protein subunit expression (Sandelin et al., 2005) . The present study separated steers based on RFI and used lymphocytes whereas previous research has used different tissues, different species, and separated species on the feed:gain ratio or G:F, which may explain the difference in results. Previous research in our laboratory found that the LM mitochondria CI concentration tended to increase in low-RFI crossbreed steers compared with high-RFI crossbreed steers (Davis et al., 2008) . The present study differed in animal sample size and tissue compared with previous research, which may explain the difference in results. Based on the present study, lymphocyte mitochondria CI, CII, and CIII concentrations were not different between RFI phenotypes in steers.
Mitochondria complex protein concentration ratios of CI to CII (P = 0.03) and of CI to CIII (P = 0.01) were different and the ratio of CII to CIII (P = 0.89) was not different between low-and high-RFI steers. The mitochondria complex protein concentration ratio of CI to CII increased 20% and the ratio of CI to CIII increased 30% in low-RFI steers compared with high-RFI steers. The change in the mitochondrial protein CI-to-CIII ratio was similar in magnitude to the change in ADFI and feed efficiency. Complex I protein concentrations, in relation to CIII protein concentrations, increased with an improvement in efficiency. We hypothesized that a greater ratio of CI proteins to CIII proteins would allow more rapid shuttling of NADH into the mitochondria and subsequent faster return to phosphorylation ratio homeostasis. We further hypothesized that this, in turn, would result in satiety being reached at a lower caloric intake in low-RFI steers compared with high-RFI steers.
Conclusion
Steers with a low RFI consumed 30% less feed and had a 40% improvement in feed efficiency with similar growth rate and BW measurements. The magnitude of steer RFI phenotype differences for the mitochondrial complex protein concentration ratio of CI to CIII was similar to the magnitude of ADFI and efficiency differences, providing a plausible explanation for biological differences between RFI phenotypes. Our research shows that mitochondria isolated from lymphocytes could be used to study respiratory chain differences among steer RFI phenotypes. Further research is needed to determine if CI and CIII concentrations can be used for identification of RFI phenotype in cattle.
